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. Most of ions showed a good correlation with electrical conductivity. A good correlation between dissolved and transported mass and the discharge was shown. The value of the chemical denudation in non-glacierized catchments of the Kaffiøyra plain was 0.07 and 0.13 t km -2 d -1 , in glacierized catchment -0,21 t km -2 d -1
. The biogenic CO 2 concentrations in tundra soil air ranged from 0.03-0.08%, while the average was 0.046%. The mean rate of CO 2 ionic transport was 3 kg d -1 , while of HCO 3 --0.63 t d
Introduction
One of the consequences of a general warming trend in air temperature is the evolution of tundra ecosystems in the continuous permafrost zone, as was reported by, among others, Woo et al. (1992) , Anisimov and Nelson (1996) , Humlum et al. (2003) , Kostrzewski et al. (2007) , Beylich et al. (2010) , or Turner and Marshall (2011) , Nowak and Hodson (2014) . In the studies on the effects of this global process in the northern hemisphere, the main focus is on the carbon flux from tundra biome (e.g. Christensen 1991 ) and the role of carbon/nutrient interactions in regulating ecological functions (e.g. Shaver et al. 1992 , Christensen et al. 1997 , Jonasson et al. 1999 . Also, the hydrochemical aspects of chemical denudation generated by cryochemical processes in the glacierized and non-glacierized areas was carried out. The results of these studies were recently published by, among many others, Hodson et al. (2000 Hodson et al. ( , 2002 , Cooper et al. (2002) , Kokelj and Burn (2003) , Chmiel et al. (2007 Chmiel et al. ( , 2011 Chmiel et al. ( , 2012 , Krawczyk and Pettersson (2007) , Krawczyk and Bartoszewski (2008) , Zwoliński et al. (2008 Zwoliński et al. ( , 2012 , Bring and Destouni (2009) , Dragon and Marciniak (2010) , Kuhry et al. (2010) , Mazurek et al. (2012) and Szpikowski et al. (2014b) . Effects of cryochemical processes were investigated also in the western part of Spitsbergen, in several small glacierized and non-glacierized river catchments: Pulina (1984 Pulina ( , 1990 , Pulina et al. (1984) , Kostrzewski et al. (1989) , Bartoszewski et al. (1991) ; Pulina and Burzyk (2002) , Chmiel et al. (2007 Chmiel et al. ( , 2011 Chmiel et al. ( , 2012 ; Krawczyk and Pettersson (2007) ; Rachlewicz et al. (2007) ; Szpikowski et al. (2014a, b) . Works demonstrate the magnitude of the temporal variability in hydrological and denudation processes. The cited authors documented a large role of cryochemical processes, inter alia, in the mineralization of waters circulating in non-glacierized catchments. They observed the increased mineralization of waters at the end of autumn and relatively high during the first phase of spring outflow and found that one of factors that differentiate the rate of chemical denudation are meteorological conditions. In addition, the role of rain waters and air temperature in mobilizing soluble salts was determined. Kostrzewski et al. (1989) stated that to show the mean values of regional chemical denudation for Spitsbergen, further long-term studies of catchments that are representative for the High Arctic areas with the permafrost are required. The results of such studies can be of much higher significance than only regional.
The aim of the research was to investigate the hydrological and hydrochemical processes in selected river catchments of Kaffiøyra region, as well as their impact on the value of chemical denudation glacierized and non-glacierized catchments including the biotic factors. The objective refers to one of the elements of realized within the framework of the European Science Foundation (ESF) Network SEDIFlUX. Research issues to be investigated within as a part of this Network were outlined by Beylich (2007) and Beylich et al. (2007 Beylich et al. ( , 2011 and revolve around the analysis of the climate change impact on the landforms in high latitude cold environments.
Study area
Investigations were conducted in areas of three river catchments (CT-1, CT-2, CT-3) of the Kaffiøyra region (Fig. 1) The geographical environment of Kaffiøyra region was studied (e.g. Gugnacka-Fiedor, Noryśkiewicz 1982a , 1982b Przybylak, Araźny 2006; Grześ et al. 2009; Jaworski 2010; Sobota, lankauf 2010; Przybylak et al. 2011; Sobota, Nowak 2012; Dolnicki et al. 2013; Sobota 2013a Sobota , 2013b Sobota , 2014 Sobota et al. 2013 , Stankowski et al. 2013 . The study area is under the influence of Atlantic polar-maritime and Arctic circumpolar air masses. The longitudinal orientation of Forlandsundet, the plain adjoins, forces longitudinal winds and movement of air masses. Substantial differences in altitude promote the appearance of foehns, arriving mainly from the east direction. In 1975-2000 y., in the period 21.07-31.08, the mean daily air temperature was 5.0°C, and 45.4 mm average athmosferic precipitation sum (Przybylak et al. 2011 , Sobota 2013b .
In the summer 2004 in Kaffiøyra region, the average daily air temperature was 5.7°C (July 6.2°C, August 5.1°C; min. 2.9°C, max. 10.3°C). Over the two month-period (01.07-05.09.2004), 160.7 mm of rain fell in six rainfall events. In July, precipitation was 53% higher (87.4 mm) than in August (57.1 mm). The highest daily rainfall was noted on 30 July (22 mm), while the highest hourly was 5 mm on 12 July. The subsequent intensive rainfall occurred at the end of summer -16 mm on 03-04 September (results of own measurements).
Meteorological data from the station in Kongsfjorden at Ny-Ålesund (Norwegian Meteorological Institute, http://eklima.met.no; Fig. 2) showed that in the summer 2004, a summer thermal season on the coastal plain started on 11 June and lasted until 8 September (90 days). Atmospheric precipitation during this period amounted to 118.2 mm.
The borders of the investigated catchments were delineated based on a topographic map 1:25,000, prepared by lankauf (2002) . The glacierized catchment CT-3 occupy the area of 7.6 km 2 situated at an altitudinal range of 4-770 m a.s.l., and comprise 5-6 isostatically uplifted marine terraces. Down part of the area is occupied by the lowest terraces, lying between 4 and 80-90 m a.s.l.. Two highest terraces are enclosed by cliff walls (made, among others, from limestone), elevated to an altitude of several meters. The upper part of the CT-3 catchment is occupied by Waldemarbreen, between 130-500 m a.s.l. In the CT-2 non-glacierized catchment (1.9 km 2 ), ice-cored moraine slopes occur. The non-glacierized catchment, marked as CT-1, has only 0.3 km 2 and is situated on two low marine terraces. Its upper part comprises the lateral moraine slope of Aavatsmarkbreen.
The eastern, upper region of lowland part of the catchment is built with slope deposits, mainly from the Hecla-Hoek rocks of Precambrian succession (Hjelle et al. 1999) . The central and lower parts are made of slope colluvia and marine strata, comprising two outwash fans. The southern fragment includes the recent outwash fan of the Waldemar River, while the northern, the Aavatsmarkbreen outwash fan from the little Ice Age. The latter forms the northern part of the CT-2 catchment. In the central and bottom parts of the catchment, outwash fans lay on the Tertiary rocks (conglomerates, sandstones and schists), while in the upper, on Precambrian rocks of the Heckla-Hoek group, with a high content of limestone.
The raised marine terraces are covered with various frost heave structures (raised-soil landforms), from typical tundra polygons and other patterned grounds (like stone circles) on the flat areas to solifluction tongues and stone strips on the sloping terrain. The catchments are hydrologically active for about 3 months. They are fed by waters from: 1 -melting snow cover, 2 -melting ice from the permafrost active layer (in spring and summer) and from an aquifer in the thawed permafrost active layer, 3 -melting ice cores of Aavatsmarkbreen lateral moraine (CT-1 and CT-2), 4 -atmospheric precipitation, 5 -a huge flow from Waldemarbreen (CT-3 catchment).
The studied lowland part is an area of occurrence of phenomena generated by permafrost melting. This results in the appearance of zones connected with the organization of surface and underground watercourses (in the thawed permafrost profile) and formation of seasonal water bodies and permeated areas level edges. The water outflows from active layer occurs in the edges of raised marine terraces, where numerous debris springs are formed. They are accompanied by solifluction covers, often with the series of loamy sediments highly waterlogged. Waters of these springs feed sub-slope parts of the highest terraces, not infrequently forming water flowing in slope gullies.
A characteristic feature of the CT-2 and CT-3 catchments was the presence of extensive and dynamic aquifer in the active layer. In spring and at the beginning of summer, the aquifer provides waters from the melted permafrost and, afterwards, is fed by waters from the mountain slopes, precipitation, Waldemarbreen and melting ice cores of moraines. The catchments differ in the quantity and type of feeding waters. The outflow from the CT-3 catchment indicates a high proportion of water coming from the ablation of Waldemarbreen, which constitute mean 55% of the whole outflow from this catchment (Sobota 2013b) .
The thawing of the permafrost starts at the beginning of spring and lasts until the end of summer (Sobota 2013b; Sobota, Nowak 2014) . During the period of the study, the thickness of the melted layer was over 100 cm (108 cm on 22.08.2004 ). In the lower zone of the CT-1 catchment thawing ended after 22.08.2004. The highest intensity of this process occurred at the beginning of spring and in the first three weeks of summer. It resulted in melting of the layer of 80 cm in thickness (Fig.  3) .
The soil mapping of Kaffiøyra shows that the area of analysed catchments is covered by: lithosols, Rankers, Gelic Regosols, Gelic Gleysols and Gelic Cambisols (Plichta 1993 , Dziadowiec et al. 1994 . lithosols and Rankers occur in the mountain sub-slope areas. Gelic Cambisols are the most widely distributed. They cover the oldest marine terraces and are generally characterized by good drainage. These soils have developed from gravels, loose sands and weakly clayey sands under the biocoenoses of lichen tundra, dry tundra and deflation tundra. Non-decomposed organic matter lays for a long time, because of poor activity of edaphon. Gelic Gleysols dominate in the lowest parts of the studied area. These soils developed from the highly skeletal light and medium clays, clayey sands and dust deposits. The areas of investigated catchments are characterized by the large areas of Regosols from the skeletal sands and clays. It is covered by a discontinuous organic layer, made mainly of cyanobacteria. The lowland soils can be influenced by marine aerosol brought by storms. locally, soils are fertilized by animal excrements, mainly of reindeers and birds (Plichta l.c., Dziadowiec l.c.) .
In the bioclimatic division of Arctic, the Svalbard Archipelago (including Kaffiøyra) has been distinguished as the High Arctic region belonging to the group of North Atlantic Ocean (Elvebakk et al. 1999 ).
Field studies and data analysis
In the investigated river catchments four experimental plots (1-4) for research on the concentration of biogenic CO 2 in soil air were estab- T AL -beach TAL -tundra T Fig. 3 . Thickness of the active layer (TAl) in the area of Kaffiøyra plain in relation to air temperature (T) and precipitation (P) in the period 1. 07-5.09.2004 07-5.09. (acc. to Sobota 2013b Sobota, Nowak 2014) lished, 1 m 2 (1×1 m) each. The plot 1 was situated on the youngest marine terrace, 2 and 3 on the second terrace and 4 on the third. This pattern of location reflected the chronosequence of tundra geosuccession stages. The first represented an initial biocoenoses on Gelic Regosol, while the last -tundra on Gelic Cambisol with very well developed bryophyte layer overgrown by Salix polaris.
In the experimental plots 1-4, and also in the area of CT-1, CT-2 and CT-3 catchments real vegetation was examined. Taxonomic and syntaxonomic data were taken from the publication by Hadač (1989) and Elvebakk et Prestrud (eds, 1996) . Phytosociological diagnoses were conducted using the Braun-Blanquet method.
In the period 12.07-05.09.2004, hydrological measurements were made in the three permanent hydrometric profiles 1-3, localized in the streams outflowing from the studied catchments, and, intermittently, in over ten other profiles. The study period was extended back to 01.07.2004, based on the statistical calculations, among others, on the data from the Kongsfjorden meteorological station at Ny-Ålesund.
The physical and chemical properties of waters were analysed. The following parameters were measured in the field by the method given by Markowicz and Pulina (1979) , Na + and K + ) were determined by ion chromatography (IC). The water samples were collected mainly in the streams leaving the studied catchments and in over ten selected sites in the surface waters and several springs. Nearly 400 measurements were made in 79 samples collected. In the second half of summer and in the autumn 2004, only electric conductivity was measured. In addition, in the experimental plots 1-4 and in several other sites, the concentration of biogenic CO 2 in soil air was analysed with the Dräger's pump and ampoules containing an alkaline absorbent, following Pulina and Burzyk (2002), or Pulina et al. (2003) .
Results and discussion

Vegetation in the area of Kaffiøyra river catchments and experimental plots
Catchments (CT-1, CT-2, CT-3) clearly differ between themselves in the spatial structure of vegetation. In the lower locations, the CT-1 catchment was covered with a dry lichen tundra with Cetrariella delisei and Saxifraga oppositifolia, while in the higher, by phytocoenoses with a large contribution of Salix polaris, which represent a more advanced stage of tundra development. Elvebakk 1985 all. prov., while the major part of the CT-3 catchment is almost completely devoid of vegetation cover, particularly, within the outwash fan. The CT-2 catchment comprises all marine terraces of the Kaffiøyra plain. The lower terraces, less steeply inclined towards Forlandsundet than those at a higher altitude and reaching up to 20 m a.s.l., are mainly covered with a dry lichen tundra with the mass contribution of Cetrariella delisei. In some places, a dry lichen tundra alternates with a dry or moderately dry moss tundra with the contribution of vascular plants, not infrequently with Salix polaris. The CT-2 catchment is characterised by the presence of wetlands, including small tundra lakes. In such places, the communities with Cardamino nymanii-Saxifragion foliosae Hadač 1984 Hadač 1946 . In terms of vegetation, the CT-3 catchment is similar to the CT-2. The CT-3 is distinct in its isolation from the Aavatsmarkbreen lateral moraine, thus, the absence of biocoenoses of this geosystem. Another 
Hydrological characteristics of Kaffiøyra river catchments
The flow rate in the discharging waters from the two catchments (CT-1 and CT-2) depended primarily on the precipitation and, secondarily, the air temperature, which played an important role at the beginning and end of summer. Five or six flow culminations were observed, related to high rainfall (Figs 4-5). During these surges, maximal discharges were about 60 dm 3 s -1 in the CT-2 catchment (15 times higher than the low water levels) and 390 dm 3 s -1 (3 times higher) in the CT-3 catchment (Table 2) . Such small fluctuations of discharge in the CT-3 catchment result from the continuous inflow from Waldemarbreen. The dynamics of runoff from the Waldemar River catchment and the share of different types of runoff alimentation have been described in numerous papers from the Kaffiøyra region (e.g. Szczepanik 1993; Brykała, Araźny 2010; Sobota, Nowak 2012; Sobota 2013a Sobota , 2013b Sobota , 2014 . Flow changes reflect the general trend of changes in air temperature. The influence of rainfall is limited to periods with greater total rainfall (Sobota 2012).
The amount of water circulating in the CT-2 catchment for 67 days in 2004 was estimated at 1075 thousand m ) and water discharging from the aquifer in the permafrost (735 thousand m 3 ). The outflow of waters from this catchment, measured in the stream leaving the catchment, was low (70.1 mm) and amounted to 44% of precipitation. In the CT-3 catchment, the amount of circulating water was several times higher, because it was fed mainly by waters flowing from Waldemarbreen, through infiltration into the extensive outwash fan. The amount of these waters amounted to 94% of precipitation and the outflow from this catchment, estimated at 1146 thousand m 3 (150.8 mm), was over 8 times higher than from the CT-2 catchment (133 thousand m 3 ). The CT-1 catchment was characterized by the low outflow (30.9 mm) at the level of 19% of precipitation.
Hydrochemical characteristics of Kaffiøyra river catchments
During the research season, two basic types of waters circulated in the investigated catchments. Waters feeding the catchments showed a very low mineralization (20-40 mg dm -3 ). Waters from the thawing permafrost and those that infiltrated into the emptying permafrost active layer, showed comparatively high mineralization (Table 3) characterised by specific interionic interactions. Among others, most of ions showed (Fig. 8 ) a good correlation with electrical conductivity (R 2 exceeded 0.4 for HCO 3 -, and 0.9 for TH). However, such correlation was not observed between electrical conductivity and concentration of Cl -. This is explicable, considering that the concentration of Cl -was found to be at the level of a hydrochemical background.
During the research season, waters with the lowest mineralization occurred in the place of inflow of waters from the melting of Waldemarbreen, and in those seasonal surface water bodies that were fed directly by precipitation. The highest mineralization was found in the springs at the foot of Femhundre, situated in the upper part of the CT-2 catchment and in the outflows from under the Aavatsmarkbreen lateral moraine. The water outflows from the three studied catchments differed from one another to a small degree in terms of ion composition, while they clearly varied in their mineralization. The CT-1 catchment waters showed the highest mean mineralization (249 mg dm -3 ), while in the CT-3 catchment the lowest (144 mg dm -3
). The stream leaving the CT-2 catchment had mineralization 185 mg dm -3 . Such substantial dissimilarities resulted from the differences in the mineralization degree of their feeding waters. The lowest mineralization in the CT-3 catchment was related to the inflow of poorly mineralized waters from the melting of Waldemarbreen, while the high mineralization in the CT-1 catchment was due to the highly mineralized waters flowing from under the Aavatsmarkbreen lateral moraine.
In all measurement points, some variation in the water mineralization degree over time was observed. The saturation of water with mineral salts increased at the end of summer season ( 9). Presumably, this was connected among other things with some cryochemical processes. A similar conclusion was drawn by Pulina et al. (1984) and Pulina (1984) in the non-glacierized Fugleberget basin (1.3 km 2 ), situated on the northern shore of Hornsund Fiord (SW Spitsbergen). The effect of cryochemical processes was seen in the changes of the water mineralization in the unglaciated areas with permafrost of the Wydrzyca catchment (Calypsostranda region, SW Spitsbergen) -1.3 km 2 (Bartoszewski et al. 1991 , Chmiel et al. 2011 , and the Dynamiskbekken basin (Petuniabukta region, Central Spitsbergen) -1,43 km 2 (Kostrzewski et al. 1989 , Szpikowski et al. 2014a ) .
Biogenic CO 2 concentration in the tundra soil air and its role in ion transport
The measured concentrations of biogenic CO 2 in the tundra soil air ranged from 0.03-0.08%, with the average 0.046%, i.e., ranged from the level similar to the atmospheric content of CO 2 (about 0.03%) to almost 3 times higher (Fig. 10) .
The graphical data distribution is similar to the results of free CO 2 distribution in the waters of studied catchments and inversely proportional to the HCO 3 -concentration in these waters. It is explicable, because during the process of carbonate rocks dissolving, the higher content of HCO 3 -requires the higher level of CO 2 . An additional confirmation of maximal use of CO 2 in this process is a low content of free CO 2 in the waters of catchments (0.4-1.2 mg dm -3 ), close to the atmospheric partial pressure of CO 2 (Fig. 11) ), which indicates a high content of initial CO 2 . These levels correspond to the air CO 2 concentration within the range 0.2%-0.5%, which in terms of the free CO 2 content in water would correspond to a few mg dm -3
. Concentration of biogenic CO 2 in the tundra soil air of the Kaffiøyra plain does not confirm such high water CO 2 concentration, which may suggest contribution of other, more efficient source of CO 2 . The lack of high correlation between the concentration of biogenic CO 2 in soil air and HCO 3 -concentration in waters, but with good correlation between the CO 2 and HCO 3 -ion runoff, may also confirm such assumption.
The rate of CO 2 ion transport in the studied catchments was very low. It ranged from 0-12,1 kg d -1 , with the average 3 kg d -1 , as compared to HCO 3 -, which amounted to 0,022-2 t d -1 , with the average 0,63 t d -1
. These facts clearly confirm a weak correlation between the concentration of biogenic CO 2 in soil air and HCO 3 -, which indicates that some other, unexamined bio-and physical-chemical processes must be involved.
The measured concentrations 0.03-0.08% are three times lower than those found by Pulina et al. (2003) , 0.1%, max. 0.3%, in the non-glacierized Fugleberget catchment (SW Spitsbergen) situated within the area of metamorphic and carbonate rocks and covered by rich tundra. The soils in this catchment produced several times more biogenic CO 2 than is present in the atmosphere. For instance, in Central Europe, CO 2 concentrations in the agricultural soils of Germany and Hungary may be as much as 2-3% in the middle of the vegetation growth season (Gerstenhauer 1969 , Jakucs 1977 , i.e. it is ten times higher than that in the tundra of Spitsbergen. In the tropical zone in southern China, Song and Fuyuan (2001) 
Ionic transport and chemical denudation
The CT-2 catchment differs from the CT-3 catchment in terms of the quantity of dissolved and transported mass of salts. From the CT-2 catchment 0.4 t d -1 was carried in the summer 2004, while from the CT-3 catchment nearly 2.5 t d -1
. The latter was fed by the Waldemarbreen waters infiltrating into the outwash fan, on which the major part of the catchment is situated. The amount of these waters constitutes 30-77% (average 55%) of the total quantity of outflowing waters (Sobota 2013b) . For the small non-glacierized CT-1 catchment the salt transport rate was 0.034 t d -1
. The mean daily load of dissolved material transported from the unit of catchment area was calculated ('Total' in Sharp et al. (1995) , and Hodson et al. (2000) . The quantitative contribution of rock, atmospheric and sea components was determined (Table 4 ). In case of sea ions, it was accepted (following Sharp et al. 1995 ) that the total load of chloride ions carried from the catchment comes from sea spray. The contribution of other sea ions can be calculated based on the ionic equivalent ratios calculated from the global mean seawater composition (Stumm, Morgan 1996) . Among the constituents of atmospheric origin, wet atmospheric deposition was included, based on the total precipitation in Kaffiøyra in the study period and ionic content of rainfall water in the Petuniabukta region, situated in the central part of Spitsbergen (Szpikowski et al. 2014a) . Only nonsea-salt ions were taken into consideration. In addition, the load of HCO 3 -, resulting from the contribution of atmospheric CO 2 in the weathering of limestones and aluminosilicates, was included. The determined value of chemical denudation , chemical denudation in CT-3 can be described as low. An intensity of denudation processes in the analysed catchments depends on the amount of water circulating in geoecosystems. A small outflow from CT-1 and CT-2 results in low values of chemical denudation. In contrast, in the CT-3 outflow, a very high contribution of waters from the Waldemarbreen ablation decides about a higher value of chemical denudation than in CT-1 and CT-2.
The obtained data, although represent only the summer period, allow to estimate the volume of annual chemical denudation. Based on the mean daily air temperature, the length of ablation season in the Kaffiøyra plain in 2004 was determined as 90 days (with mean daily air temperature >0 o C) After taking into account this period of hydrological activity, chemical denudation in CT-1, CT-2 and CT-3 was 6.2, 11.5 and 18.7 t km -2 a -1
, respectively.
Conclusions
A diversified mineralization of waters circulating in the investigated catchments was found: from 144 mg dm -3 (CT-3 catchment) to 249 mg dm -3 (CT-1 catchment). The hydrogeochemical type of waters is as follows: HCO 3 --SO 4 2--Ca 2+ -Mg
2+
. A high content of bicarbonates in these waters suggests the presence of significant amount of CO 2 of not only biogenic origin. The problem of relatively low release of biogenic CO 2 at such high level of carbonate content requires further investigation. At the same time, a low content of CO 2 in water was observed, which indicates its maximal use in the process of carbonate rock dissolution. The HCO 3 -concentration in relation to pH and CO 2 content in the river waters of the Kaffiøyra region clearly suggests that these waters are close to the saturation limit and in specific conditions are capable of depositing CaCO 3 . Numerous forms of such deposition were found in the carbonate rocks laying on the surface and within the active layer.
The river catchments of the Kaffiøyra plain differ in the intensity of chemical denudation processes, generated by the amount of waters circulating in each of them. The highest value of chemical denudation (0.207 t km -2 d -1
) was found in the glacierized catchment CT-3, due to the large contribution of waters coming from the Waldemarbreen melting. The values in the non-glacierized catchments CT-1 and CT-2 were much lower: 0,069 and 0.128 t km -2 d -1 , respectively.
High water mineralization and high load of dissolved carbonates and sulphates in the runoff waters from the Kaffiøyra coastal plain, provide a substantial amount of mineral components to Forlandsundet. This is expected to affect the structure and functioning of the littoral zone biocoenoses, including the size of primary production.
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